Abstract CD16 is a major molecule expressed on NK cells. To directly assess the role of natural killer (NK) cells in dengue virus (DENV) infection in vivo, CD16 antibodytreated tamarins were inoculated with a DENV-2 strain. This resulted in the transient depletion of CD16
of NK cells in early defense against viruses was obtained in a study showing increased susceptibility to murine cytomegalovirus (MCMV) after NK cell depletion and increased resistance after adoptive transfer of NK cells [23] . Defects in NK cell activity, such as decreased production of interferon (IFN)-c or cytotoxicity, render mice more susceptible to MCMV infection [23] . NK cells can kill virusinfected cells by using cytotoxic granules or by recognizing and inducing lysis of antibody-coated target cells (antibodydependent cell cytotoxicity) via an Fc-binding receptor such as CD16 [21] .
Early activity of NK cells may be important for clearing primary DENV infection [24] . In a DENV mouse model, mice experimentally infected with DENV showed increased NK cell levels [24] . A significant increase in the frequency of NK cell circulation was also shown in patients who developed an acute dengue disease [2] . In addition, patients with a mild dengue disease have elevated NK cell rates when compared to those with severe dengue diseases [9, 27] . Moreover, Kurane et al. [14] reported that human blood NK cells are cytotoxic against DENV-infected cells in target organs via direct cytolysis and antibody-dependent cell-mediated cytotoxicity. It was also shown that the intracellular cytotoxic granule, TIA-1, was up-regulated early in NK cells in the acute phase of DENV infection and that NK-activating receptor NKp44 was involved in virusmediated NK activation through direct interaction with DENV envelope protein [2, 13] . These results suggest that the early activation of NK cells contributes to the prevention of the severe dengue disease. However, based on quantitative and functional analyses in animal models in vivo, defining the contribution of NK cells to suppression of DENV replication in vivo has been necessary.
We have recently reported that common marmosets (Callithrix jacchus) are highly permissive to DENV infection [22] . These New World monkeys, being nonhuman primates, are considered to have an immune system similar to that of humans [28, 29] . The present study was initiated to investigate the role of NK cells in controlling DENV during primary infection in our nonhuman primate model.
The animals were cared for in accordance with National Institute of Biomedical Innovation rules and guidelines for experimental animal welfare, and all protocols were approved by our Institutional Animal Study Committee. Eight tamarins (Saguinus midas and Saguinus labiatus) were used in this study. As marmosets and tamarins are closely related monkey species and are classified as members of the Callitrichinae, we expected that tamarins would also be permissive to DENV infection, like marmosets. To check the permissiveness of tamarins to DENV, 2 tamarins were infected with DENV-2 (DHF0663 strain: 6.7x10 7 PFU/ml) subcutaneously or intravenously (Fig. 1) .
Dengue viral RNA (vRNA), which was quantified using real-time PCR as previously described [22] , was detected in plasma samples from the tamarins on day 1 post-infection. For each of the two tamarins (Tm03-011, Tm06-017), the plasma vRNA levels reached 2.7x10 6 copies/ml and 2.0x10 7 copies/ml on day 1 post-infection, respectively, and were detectable on days 3 and 5. These results indicate that tamarins are also permissive to DENV infection, which is consistent with the results obtained by using marmosets [22] .
Next, we sought to assess the role of NK cells in DENV infection in vivo. In this regard, in vivo depletion of NK cells by the administration of NK-specific monoclonal antibody (mAb) was considered to be straightforward to directly address the question. We employed a new method by which an anti-CD16 mAb 3G8 [7] but not a control mAb MOPC-21 efficiently depleted a major NK population expressing CD16 in tamarins, as we recently reported [29] . The mouse anti-human CD16 mAb 3G8 was produced in serum-free medium and purified using protein A affinity chromatography. Endotoxin levels were confirmed to be lower than 1 EU/mg. Four red-handed tamarins and two white-lipped tamarins (Saguinus labiatus) were used in this experiment. Three tamarins were intravenously administered 3G8 at a dose of 50 mg/kg, while others were given a control mAb MOPC-21. One day later, both mAbtreated tamarins were subcutaneously inoculated with 3x10 5 PFU/ml of DENV-2 DHF0663 strain on the basis of a previous report that a single mosquito might inject between 10 4 and 10 5 PFU of DENV into a human [20] . It was confirmed that at 1-3 days after the 3G8 mAb treatment, CD16
? cells were almost completely depleted in the Tm03-011
Tm06-017 Fig. 1 Levels of vRNA in DENV-infected tamarins. Tamarins were infected subcutaneously or intravenously with DENV at a dose of 6.7x10 7 PFU/ml. The vRNAs were detected in plasma by real-time PCR. Tm03-011, subcutaneous infection; Tm06-017, intravenous infection tamarins followed by recovery to the initial levels at around 2 weeks after administration, while the cells were maintained at the initial levels in the monkeys with MOPC-21 (Fig. 2a) . In addition, it is noteworthy that the ratios of CD4
? and CD8 ? T cells and CD20 ? B cells were not affected by the administration of the 3G8 mAb (Supplementary Figure 1 ). In the case of administration of mAb MOPC-21, we confirmed no significant effect on CD16 ? cells (Supplementary Figure 2) . The killing activities of the peripheral blood mononuclear cells (PBMCs) taken from the 3G8-treated monkeys were reduced at day 1 postantibody-treatment, followed by an increase irrespective of depletion of CD16
? NK cells at day 2 post-antibodytreatment (1 day after DENV inoculation), suggesting that the CD16
-NK population may be activated by DENV infection (Fig. 2b) . Plasma viral loads in both mAb-treated monkeys rose to 10 5 copies/ml by day 1 after infection and then reached a peak at 10 6 copies/ml on day 3 or day 7, followed by a rapid decline, with values dipping below the detectable level by day 14 after infection ( Fig. 2c) . These results suggested that CD16
? NK cells apparently did not contribute to DENV replication in the acute phase in our tamarin model.
It was reported previously that non-structural glycoprotein NS1 is essential for flavivirus viability and that the NS1 protein circulates during the acute phase of disease in the plasma of patients infected with DENV [1] . Epidemiological studies have demonstrated that secreted NS1 levels are correlated with viremia levels and are higher in cases of DHF than in dengue fever (DF) early in illness [16] . Thus, it has been suggested that NS1 might be a useful marker as an indicator of the severity of dengue disease. We have used the level of the NS1 antigen as an alternative diagnostic marker to examine the effects of CD16 antibody treatment on DENV replication. The NS1 was measured by Platelia Dengue NS1 Ag assay (BioRad). Antigenemia was observed in these infected monkeys between 3-14 days post-infection. Serum IgM and IgG specific for DENV antigens were measured by ELISA. DENV-specific IgM or IgG antibody was equally detected in both mAb-treated monkeys (Fig. 3) .
We recently demonstrated that marmosets are permissive to DENV infection [22] . In this study, we found that tamarins are also permissive to DENV infection (Fig. 1) . Moreover, we also investigated the role of NK cells against early DENV infection using in vivo depletion of CD16 NK cells in tamarins and found that the depletion of CD16 ? NK cells had almost no effect on DENV replication (Fig. 2) , indicating that this NK subpopulation is unlikely to contribute to controlling DENV replication. Interestingly, these results imply that the CD16
2 NK subpopulation may have a critical role of controlling DENV infection in vivo.
Using our model, we investigated the role of NK cells in vivo against DENV infection, which remains to be elucidated in several aspects. We previously reported that almost complete in vivo depletion of the CD16
? NK subpopulation was not able to completely remove the NK-mediated cytotoxic activity in tamarins [29] . In this study, despite a transient but substantial reduction in the CD16
? NK cell number following 3G8 treatment in tamarins, DENV replication was comparable to that in monkeys that received the control mAb. The NK-mediated cytotoxic activity was augmented in both study groups, indicating that CD16 -NK cells were responsible for the cytotoxic activity and suggesting that they might play a role in controlling DENV replication. ? cytotoxic cells. Both subsets have been characterized extensively regarding their different functions, phenotypes, and tissue localization [8] . The NK cell number is maintained by a continuous differentiation process associated with the expression of CD57 that results in NK cells with poor responsiveness to cytokine stimulation but high cytolytic capacity [3, 18] . The second possibility is that CD16
-NK cells have a noncytolytic helper function. Generally, it is well known that NK cells possess both a cytolytic and a non-cytolytic helper function. It has been suggested that cytokine production is carried out by CD56 bright CD16 -NK cells [4] [5] [6] . Interferon (IFN)-c secreted by NK cells has shown potent antiviral effects against DENV infection in early phases [25] . One aspect of the NK helper function arises from recent evidence indicating that NK cells can be induced to function as non-cytotoxic helper cells following stimulation with interleukin-18 [19] . This cytokine induces IFN-c secretion from NK cells and thus enables dendritic cells (DCs) to secrete IL-12, leading to Th1 polarization [19] . It is possible that CD16 -NK cells, which have poor from DENV-infected tamarins after administration of the 3G8 or MOPC-21 mAb. The P/N ratio was calculated as the optical density of the test sample divided by that of a negative sample. P/N ratios \2 and C2 were considered to be negative and positive, respectively. Top, 3G8; bottom, MOPC-21 mAb cytotoxic activity but an enhanced ability to secrete cytokines and then lead to a Th1 response, are preserved during 3G8 administration. The persistence of this minor CD16 -NK cell subpopulation could exert an antiviral effect through INF-c-mediated pathways despite the depletion of CD16 ? NK cells. The third possibility is that CD16 ? NK cells of tamarins play pivotal roles against bacterial infections and cancer progression but not DENV-infected cells. We will address these possibilities for the roles of the NK subpopulation in the future studies.
In conclusion, this study provides a DENV in vivo replication model in tamarins and new information on the possible role of CD16
? NK cells in DENV replication in vivo. It remains elusive whether the CD16
? and CD16 -NK subpopulations could play an important role in the control of primary DENV infection.
